The vane geometry with a large gap is used to determine the Newtonian, non-Newtonian and viscoelastic properties of complex fluids. We show that when this geometry is carefully characterized, it can be used for precise rheometry. A novel effective cylinder approximation is used to obtain the shear rate and shear stress factors. The effective radius is found to be close to the height of the triangle formed by joining the tips of adjacent blades. This result differs significantly from that of previous work. Flow visualization has been used to confirm that the stream lines bend towards the centre between the blades. These factors can be used to determine the flow curves of non-Newtonian liquids, using Krieger's power law expansion. The standard procedure for using the vane to determine the yield stress is also carefully investigated and alternative procedures are suggested.
GEOMETRIC FACTORS
shows the streamlines around a vane rotating at a low angular velocity (0.5 rad/s) in glycerin (viscosity 1.37 Pas). The streamlines form a polygon close to the ends of the blades and then tend rapidly towards a circle further away from the vane. The transition from a polygon to a circle depends on the position of the external static cylinder (i.e. the gap width), but may justify the use of an equivalent cylindrical coaxial geometry. Nevertheless, an effective inner cylinder radius and an effective cylinder height have to be determined, since the geometry is terminated by a cone. The method of partial immersion described by [7] was used to obtain the dimensions of the equivalent cylinder. An additional complication was that coherent results could only be obtained by including the frictional coefficient, C, due to the viscometer motor system in the calculation.
The shear stress factor, F s , is the ratio of the shear stress, s 1 , at the inner cylinder to the torque, G. It is a constant, whatever the material tested, as long as the diffusion of vorticity terms are small enough, i.e. the shear stress distribution is always known:
It depends only on the geometry, not on the sample. For concentric cylinders, the shear stress factor is given by:
where R 1 is the inner cylinder radius and h is the immersed height. 
INTRODUCTION
A large number of publications have appeared on the use of stress growth measurements with the vane in a wide gap to characterize the rheology, in particular the yield stress, of complex fluids (see for example [1 -6] ). The main advantages of the vane are: i) absence of slip [7] , which often occurs in concentrated dispersions and other complex fluids like foams [8] and ii) shear sensitive samples can be measured without damaging their structure before testing.
The main difficulty encountered with this geometry is the determination of the appropriate geometric factors, which relate the torque and angular velocity measured by the rheometer to shear stress and shear rate, respectively. The shear stress factor is usually calculated by assuming that the vane is equivalent to an effective cylinder with a radius close to that of the vane [9] . In the first part of this work, we determine the effective radius using Newtonian fluids. We then use this effective radius to extend the capability of the vane from measuring constant viscosity fluids to those with non-Newtonian behaviour. The vane can also be used to determine the elastic modulus [8, 10] . In the second part, we compare the elastic modulus determined using the vane geometry with our improved geometric factors and that obtained using the standard cone and plate geometry. Many studies have used the vane to study concentrated aggregated dispersions [2, 11] . For these systems, the yield stress has generally been identified as the maximum stress of the stress growth curve. In the third part, we compare this method with two novel alternative procedures.
EXPERIMENTAL
The vane had six blades and a novel "arrow-like" shape. The blade radius was 11 mm and the height of the cylindrical part was 17 mm. Below the cylinder, the lower end was formed into a 30° cone with the lower edge of each blade being sharpened. This shape was mainly adopted to minimize sample destruction during insertion of the vane. However, the cylindro-conic shape also has the effect of reducing end effects. It was fitted to either a Haake VT550 rate-controlled viscometer, or Haake RS 150 and TA Instruments AR1000 stress-controlled rheometers. 
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On the other hand, the shear rate factor, F g · , which is the ratio of the shear rate, g · , to the angular velocity, W, at the inner cylinder, depends on the sample. It will only be independent of shear rate for linear viscoelastic materials or Newtonian fluids. In these cases, for a concentric cylinder geometry, it is given by: (2) where R 2 is the outer cylinder radius.
Combining these two equations and including a correction for the viscometer friction leads to the following expression for the viscosity, h, of Newtonian fluids in terms of the torque, G, and angular velocity, W:
where C is the viscometer friction and H is the height of the effective cylinder. The friction coefficient, C, can be velocity dependent, due to nonlinearity or the transition from laminar to turbulent flow in the air bearing. It can nevertheless be fully determined by an experiment performed in air (without any sample). The left hand term is associated to the effective torque. In order to separate the influence of the effective height H from the effective inner radius R 1 , the vane system was immersed to different non-wetted heights, h (h = H -y) for various viscosities and rotation rates. Fig. 2 shows a plot which allows the dimensions of the effective cylinder to be determined from these data.
The linear dependence for different viscosities shows that the vane geometry is accurately modelled by an effective coaxial cylinder geometry. The lack of dependence on the angular velocity shows that the fluid circulation between the blades is negligible, even for very viscous fluids. The superposition of the data for the different viscosities demonstrates the invariance of the position and shape of the streamlines. The slope of this straight line gives the effective radius (9.48 mm) and the extrapolation to zero torque gives the effective height (20.6 mm). According to this calculation, this 6 bladed vane has an effective radius very close to that of the circle inscribed in the hexagon formed by joining the ends of the blades (9.52 mm), although the effective radius would be expected to be between this and the actual blade radius (11 mm) [15, 16] . The geometric factors calculated in this way can be used to study linear viscoelasticity.
LINEAR VISCOELASTICITY
Viscoelastic behaviour in cone and plate and vane geometries was compared using the creep behaviour of a 20 g/kg gelatin gel matured at 20°C for 17 h. The Kelvin-Voigt model was used to model the oscillations due to the coupling between the viscoelasticity and the instrumental inertia [12] . In this case, the deformation, g(t), in response to a step in shear stress of amplitude, s 0 , is given by:
where a is an instrumental constant given by and w is the frequency of the free oscillations given by .
I is the inertia of the mobile part of the apparatus (the inertia calculated for the vane took into w a account the material between the blades through the hexagonal shape). G and h are, respectively, the elastic modulus and the viscosity in the Kelvin-Voigt model. They were the only open parameters in the least squares fit of the experimental data to Eq. 4. Fig. 3 shows the good fit of the model to each set of data.
There is excellent agreement between the elastic moduli obtained with the two geometries. The difference between the viscosities is probably related to the different frequencies of free oscillation, due to the different inertias and geometric factors (a = 0.459 for the vane and 0.02 for the cone and plate geometry) and also to the different ranges of deformation. The very good agreement between the results obtained in the two geometries indicates that the streamlines observed around the vane for a Newtonian liquid are identical to the deformation lines obtained for a linear viscoelastic material (see Bird, Hassager and Stewart, as quoted by [7] ). After yield of a plastic sample, the blades will carve out a cylindrical sheared zone with a radius equal to, or a little larger than, that of the blades [9] . However, we have shown that it is incorrect to use the radius of this sheared zone to calculate the shear rate and shear stress factors.
We are currently determining how far the analogy with a concentric cylindrical geometry can be applied to the non-linear behaviour of viscoelastic samples.
NON-NEWTONIAN LIQUIDS
The flow curve of a 15 g/kg aqueous solution of carboxy methyl cellulose ("Tylose") was determined in both cone and plate and vane geometries. The vane is treated as an effective cylinder, as described in the first part. For non-Newtonian fluids, correction is necessary, since the shear rate factor varies across the gap between the two cylinders [13] . We use the standard gap correction considering averaged geometric factors and .
The corrected viscosity can also be calculated as a function of the apparent viscosity, obtained through the geometric factors for a Newtonian fluid (Eqs. 1 and2) [14] : (5) where C R is a correction factor, approximated by the power series: (6) with and as the radius ratio. Fig. 4 shows the good agreement between results obtained using the vane and cone and plate geometries. This clearly demonstrates that the effective cylinder dimensions obtained using our procedure are valid, and that this approach makes the vane geometry a very effective tool for quantitative determination of both linear and non-linear rheological properties.
YIELD STRESS DETERMINATION WITH THE VANE
In this section, we compare different procedures for determining the yield stress, using both controlled torque and controlled rotation rate. The yield stress has often been determined with the vane by identifying it with the maximum of the stress-time curve in response to a constant velocity step. [2] showed that for this approximation to apply, the peak stress must be shown to be independent of the rotation rate, to avoid the effects of viscoelasticity and instrumental inertia. Therefore, the responses to a range of rotation rates must be carefully investigated. Fig. 5 illustrates this technique. The sample tested was a gel containing 2.5 g/kg kappa-carrageenan in 0.1M potassium chloride. The gels were measured after maturing for 17 h at 20 °C. Each experimental curve was obtained with a fresh sample.
The yield stress obtained by this method was 530 ± 50 Pa. Around the maximum, strongly non-linear behaviour is expected, so the definition of a shear rate factor is difficult. In addition, experiments at constant rotation rate and s R R = 
constant torque are not equivalent, since the sheared region will be time dependant, depending on the (unsteady) amount of material breakdown. Nevertheless, the initial linear stress growth allows definition of a shear rate and determination of an elastic shear modulus, G, directly from the initial slope using:
Our first alternative procedure to determine the yield stress is to follow the stress relaxation after rotating at constant rate for different times, up to and beyond the time to reach the maximum stress. If the sample acts as a perfectly elastic solid, then there should be no relaxation below the yield stress. This is never the case in practice, however we find that there is always a sharp increase in the rate of relaxation after some rotation time. It is reasonable to define the point at which this change occurs as the yield stress. 
CONCLUSIONS
We have shown that it is legitimate to use an equivalent coaxial cylindrical geometry for the vane geometry. A simple protocol using Newtonian fluids with partial immersion of the vane can be used to determine the dimensions of the effective cylinder. Once this effective geometry has been determined, standard methods can be used to convert torque, rotation rate and angular displacement to shear stress, shear rate and deformation, respectively. The vane geometry can then be used as an efficient rheometric measurement system for determining the viscosities of Newtonian and non-Newtonian fluids and viscoelastic characterisation, even at large deformations. Validation has been performed by comparing results from the cone and plate geometry fitted to both controlled torque and controlled speed rheometers. Determination of the yield stress using the vane has also been investigated. Alternative procedures are described, which are simpler than the usual method, which uses the maximum torque. strongly non-linear when approaching and passing the yield stress. This procedure gives a lower value for the yield stress (470 ± 30 Pa) than the usual procedure. In our opinion, the maximum stress just represents an upper bound on the yield stress.
Our second alternative procedure is to use a series of creep curves. Fig. 7 shows that creep curves measured with a controlled stress rheometer, also give a good estimate of the yield stress through a clear change in shape of the curve. This method gave a value for the yield stress of 412 ± 15 Pa.
These three different methods are in rather good agreement. The choice of the appropriate procedure will be essentially dependant on the rheometer available (controlled stress or controlled rate) and its performance. However, determining the velocity range over which the maximum torque is independent of the rotation speed is non-trivial and time consuming. Application of different rotation times avoids the need to determine this velocity range and so saves time. 
